Background: Radiologists differ in their ability to interpret screening mammograms accurately. We investigated the relationship of radiologist characteristics to actual performance from 1996 to 2001. Methods: Screening mammograms (n ‫؍‬ 469 512) interpreted by 124 radiologists were linked to cancer outcome data. The radiologists completed a survey that included questions on demographics, malpractice concerns, years of experience interpreting mammograms, and the number of mammograms read annually. We used receiver operating characteristics (ROC) analysis to analyze variables associated with sensitivity, specificity, and the combination of the two, adjusting for patient variables that affect performance. All P values are two-sided. 002 ). Greater number of years of experience interpreting mammograms was associated with lower sensitivity (P ‫؍‬ .001), but higher specificity (P ‫؍‬ .003). ROC analysis using the ordinal BI-RADS interpretation showed an association between accuracy and both previous mammographic history (P ‫؍‬ .012) and breast density (P<.001). No association was observed between accuracy and years interpreting mammograms (P ‫؍‬ .34) or mammography volume (P ‫؍‬ .94), after adjusting for variables that affect the threshold for calling a mammogram positive. Conclusions: We found no evidence that greater volume or experience at interpreting mammograms is associated with better performance. However, they may affect sensitivity and specificity, possibly by determining the threshold for calling a mammogram positive. Increasing volume requirements is unlikely to improve overall mammography performance. 
A meta-analysis of randomized trials of screening mammography has demonstrated that screening mammography can reduce mortality from breast cancer by approximately 15% in women 40 to 74 years of age (1) . Consequently, the United States Preventive Services Task Force recommends screening mammography for women age 40 years and above every 1 to 2 years (2). However, for the expected benefits of screening to be obtained, the elements in the screening process must perform as expected (3) . In particular the accuracy of screening mammography interpretation in community radiology practice must be maximized. In addition, many factors that affect accuracy must be considered, including characteristics of the radiologist as well as those of the woman having the mammogram.
The accuracy of mammographic interpretation among individual radiologists varies widely (4, 5) . One study showed a 40% disparity among radiologist screening sensitivity and a 45% range in the rates at which women without breast cancer are recommended for biopsy (5) . As indicated by receiver operating characteristic (ROC) analyses, the ability of radiologists to detect cancer varies by as much as 11% (5) .
The source of radiologist variability has not been completely explained. Two studies (6, 7) showed that experience and training of the radiologist could affect the accuracy of mammography; however, this conclusion was based on small samples in test settings. Younger and more recently trained radiologists had higher false-positive rates (8) . The number of mammograms performed, i.e., mammographic volume, has also been cited as a putative agent affecting accuracy. Esserman et al. (9) found an increase in both sensitivity and specificity with higher volumes, although Beam et al. (10) did not. McKee et al. (11) also found no association between positive biopsy rates and radiologist volume.
Because patient variation can affect the performance measures for a particular radiologist, it is necessary to adjust for important determinants of accuracy in the patient population before assessing radiologist accuracy. Three important determinants of accuracy for patients include age, breast density, and whether the mammogram is a first or subsequent mammogram. Sensitivity increases with age, but specificity is only moderately associated with age (12) (13) (14) . Denser breasts may obscure breast tumors and make interpretation more difficult, resulting in decreased sensitivity and specificity (15) . Fajardo (16) has demonstrated that a radiologist's certainty of interpretation of a mammogram is inversely related to breast density and complexity of the image. This uncertainty may lead to a greater number of "abnormal" readings and increase the false positive rate. Having had a prior mammogram is also asso-ciated with increased specificity but decreased sensitivity (17) . Because tumors may be smaller on repeat examination than on initial screens (17a), sensitivity may decrease even when earlier films are available. However, in the absence of a tumor, evaluating previous screening films may help the radiologist rule out tumors (17) .
We conducted a study to assess the relationship between self-reported volume, experience, and other radiologist characteristics and their recorded performance in community settings after accounting for patient factors. To do this, we measured variability in radiologist performance using recall rate, sensitivity, specificity, and ROC area under the curve with adjustment for patient variation.
SUBJECTS AND METHODS

Study Population
Seven mammography registries participate in the Breast Cancer Surveillance Consortium (BCSC) (http://breastscreening. cancer.gov) funded by the National Cancer Institute (18) . Three of the registries received additional funding to conduct a survey of radiologists to link the survey responses to actual mammography performance as recorded in the BCSC database. Two registries are geographically based-the New Hampshire Mammography Network captures approximately 90% of women undergoing mammography in New Hampshire (19) , and the Colorado Mammography Program includes approximately 50% of the women undergoing mammography in the Denver metropolitan area. The third mammography registry, the Breast Cancer Surveillance Project at Group Health Cooperative, is based on a nonprofit health maintenance organization that has a defined population in the Pacific Northwest. The three registries reflect diversity in geography, mode of delivery of health care, and size, and, therefore, represent a broad spectrum of mammography in the United States.
Mammography outcome data were available from the BCSC for the period January 1996 through December 2001. Radiologists who interpreted mammograms anytime in that calendar period were included. A radiologist must read 960 mammograms over a 2-year period to be considered eligible to interpret mammograms at an accredited mammography facility in the United States (20) . Hence, we included only radiologists who interpreted at least 480 mammograms (the required annual average) during the study period. We recruited radiologists already participating in the BCSC by mail, with telephone follow-up for non-responders. Radiologists were informed that their survey responses would be linked to their actual performance results by an encrypted linkage variable and that their identity would remain anonymous. De-identified mammographic data and radiologist survey data were sent to the BCSC's Statistical Coordinating Center for analysis. All study activities were approved by the institutional review boards of Group Health Cooperative (Washington), Dartmouth College (New Hampshire), the Cooper Institute (Colorado), and the University of Washington School of Medicine. Patients included in the New Hampshire Mammography Network have signed informed consent statements. The two remaining sites allow patients to exclude their data from research, but the institutional review boards do not require informed consent for primarily clinical activity. All radiologists gave informed consent for the survey and the linkage to their performance data.
Measured Covariates and Outcomes
The radiologist survey included questions on demographic and clinical variables. The survey was extensively pilot tested (21) before its use in this study. Data from the mammography registry included patient demographics and risk factors, indication for the mammogram (screening versus diagnostic), screening interpretation and recommendations, and breast cancer outcome.
The covariates considered in the analysis included both radiologist covariates suspected to influence screening interpretations and patient factors known to affect breast cancer risk and screening accuracy. The radiologist factors considered were demographic characteristics (age, sex), clinical practice characteristics (number of years in practice, number of mammograms interpreted per year, percentage of time working in breast imaging, percentage of mammograms that were screening, and whether affiliated with an academic medical center), malpractice history (ever had a mammography-related claim, type of medical malpractice insurance), and concerns on malpractice (whether concerned about malpractice when interpreting a mammogram and if malpractice influences recommendation in assessment). Data from the survey were collected in defined categories and analyzed by each category unless small sample sizes required collapsing adjacent categories. All categorization was performed prior to analysis.
We included mammograms from women 40 years of age and older who did not have a personal history of breast cancer. The mammogram had to be designated as bilateral screening by the radiologist and needed to have occurred at least 9 months after any preceding breast imaging to avoid misclassifying a diagnostic examination as screening. Each screening mammogram was classified into one of six assessment categories according to the initial BI-RADS interpretation code: 0) need additional imaging, 1) negative, 2) benign finding, 3) probably benign finding, 4) suspicious abnormality, and 5) highly suggestive of malignancy (22) . The action taken after each of these assessments can vary from biopsy, surgical evaluation, additional imaging, or shortterm follow-up. For the purpose of assessing recall, sensitivity, and specificity, we classified code 0, 4, and 5 assessments as positive interpretations and code 1 and 2 assessments as negative interpretations. Code 3 assessment was classified as positive if immediate work-up was recommended and negative if it was not. BI-RADS suggest short-term follow-up screening (e.g., 6 months later) after an assessment of "probably benign," but in practice it is common to continue work-up immediately with additional imaging or other procedures (23) . The ROC analyses used the assessments codes as an ordinal response ordered as follows: 1, 2, 3 with no immediate work-up; 3 with immediate work-up; and 0, 4, and 5 reflecting the increasing likelihood of cancer.
Patient characteristics we considered were breast density, previous mammography, and age at the time of the screening mammogram. Age was categorized as 40 -49, 50 -59, 60 -69, 70 -79, and 80 years or greater corresponding to age deciles typically used in analyses of mammography. Breast density was determined by the radiologist using four categories based on the BI-RADS coding system: 1) almost entirely fat, 2) scattered fibroglandular densities, 3) heterogeneously dense, and 4) extremely dense (22) . Previous mammography was based on selfreport and/or data in the mammography registry indicating a prior examination.
The follow-up interval for cancer assessment was 1 year after the screening mammogram or until the next screening examination if more than 9 months after the preceding screening examination, whichever occurred first. (Rosenberg et al. (9) show the effect of alternative definitions of the follow-up period on sensitivity and specificity). Breast cancer case patients were identified through the cancer registry in their geographic area or pathology data and included patients with both invasive carcinoma and ductal carcinoma in situ (DCIS). Lobular carcinoma in situ (LCIS) was not included as a breast carcinoma.
Statistical Analysis
The analysis evaluated sensitivity, specificity, and recall rate as functions of both the patients' and radiologist's characteristics. Sensitivity, also called the true positive rate, was defined as the proportion of screening examinations judged positive among all patients with a diagnosis of breast cancer within the 1-year follow-up interval. Specificity was defined as the proportion of screening examinations judged negative among all patients who did not have a diagnosis of breast cancer in the follow-up period. Therefore, the false positive rate ϭ 1 -specificity. Overall accuracy of mammography was assessed using a ROC curve, which plots true positive rate against false positive rate and allows alternative definitions of a positive or negative examination at each BI-RADS assessment code. The area under the ROC curve was interpreted as the probability that the radiologist will correctly choose the mammogram that contains cancer when presented with two mammograms, one with cancer and the other without. Recall rate was defined as the proportion of all screening mammograms judged positive.
The data were hierarchical such that mammograms read by an individual radiologist are considered "nested" under that particular radiologist. In turn, each radiologist works for a mammography facility in one of the three mammography registries. Screening outcomes for the same radiologist may therefore not be statistically independent. Naive analysis assuming independence gives valid parameter estimates but possibly incorrect (i.e., underestimated) standard errors. We considered two approaches to account for the correlation of mammographic outcomes within radiologist. A generalized estimating equations (GEE) approach is based on a marginal model assuming a working correlation structure to adjust the standard errors for the correlation (24) and provides valid inference without requiring that the correlation structure be correctly specified. We have used this method previously to adjust for correlation of mammographic outcomes within radiologists when radiologist variability was not being directly analyzed (25) . Alternatively, a random-effects approach assumes that the conditional mean of the outcome depends on a radiologist-specific effect, the common sharing of which introduces correlation among the outcomes of that radiologist. In addition to providing valid inference on random-effect-specific estimates, a random-effects model can also help clarify the source of variation and allows estimation of the variability of the random effects. It is necessary to assume, however, that mammographic outcomes within the radiologist's practice are conditionally independent given the random effect and radiologist-specific covariates. We chose the random effects approach instead of a GEE approach because we were most interested in quantifying the impact of the radiologist on the outcome. All P values are two-sided. Categorical variables were tested by assessing the joint statistical significance against the referent unless a test for trend was specifically mentioned. Statistical significance was defined as PϽ.05. Because of the number of statistical comparisons being performed, P values should be interpreted cautiously.
Our aim was to identify radiologist factors that contribute to inter-radiologist variability in outcomes. For sensitivity, specificity, and recall, we used a logistic regression model to link the mammographic outcome to patient and radiologist covariates. We first used a random-effects model with each radiologist having a separate intercept, and we subsequently fitted a mixedeffects model incorporating patient and radiologist covariates as fixed effects as well as a radiologist-specific random intercept. Model fitting was performed using SAS (version 8; Cary, NC) procedure NLMIXED, which allows estimation of a normally distributed random effect in a logistic regression model (26) . The software provides Wald tests of the covariate effects as well as the estimated variance of the random effect. We then examined the radiologist factors that might explain the variation among radiologists, estimated the variability before and after incorporating radiologist fixed effects, and statistically determined how they affected the variability. Because our main focus was to examine the source of variability at the radiologist level, we included the three mammography registries as fixed effects in the model but did not account for additional variation due to different facilities within each of the three registries. Hierarchical modeling of facility, radiologist, and mammogram could allow greater separation of the individual sources of variation but would require complex models that are more difficult to interpret.
ROC Analysis
One way to increase sensitivity is to lower the threshold for calling a mammogram positive. This shift in the threshold will decrease specificity but does not reflect an increased ability to discriminate between mammograms with cancer and those without. ROC analysis can be used to separately estimate effects due to threshold values from effects on accuracy (27) . Each point on the ROC curve represents a true positive rate (sensitivity) and false positive rate (1 -specificity) pair obtained by applying a particular threshold (the value above which a mammogram is classified as positive). Changing the threshold without changing the overall accuracy will move the radiologist along the same ROC curve, trading off specificity for sensitivity. A true change in accuracy will lead to a different ROC curve altogether. The measure of interest is the area under the ROC curve (AUC), with larger areas indicating greater accuracy. The maximum value of AUC is 1.0 and indicates a perfect test; an AUC of 0.50 indicates a test that performs no better than chance. The advantage of using ROC analysis in evaluating test accuracy compared with separate analyses of sensitivity and specificity is that ROC provides an index of overall test accuracy that does not require the selection of a single cutoff and can separate threshold from discrimination (accuracy).
ROC models can be fit using ordinal regression models that accommodate covariates that affect either the threshold or the location of the ROC curve (28) . Without covariates, the model reduces to the usual binormal model (27, 29) . The ROC model was extended to fit random effects (30 -33) . Two random effects were fit for each radiologist-one adjusted for their likelihood of calling the mammogram positive (threshold) and the second measured their ability to discriminate disease from nondisease (accuracy). The nonlinear mixed ordinal regression model was fit using the SAS procedure NLMIXED (26) . Likelihood ratio tests were used to test effects of covariates on accuracy in the ROC curves. We allowed the scale parameter to differ between patients with and without breast cancer.
RESULTS
Of 181 eligible radiologists contacted, 139 (77%) completed the survey with consent to link their responses to performance measures already recorded in the BCSC data. We found no statistically significant differences between responders and nonresponders with regard to sensitivity, specificity, or recall rate. Among the 139 participating radiologists, 124 (89%) had interpreted 480 or more screening mammograms within BCSC facilities between 1996 and 2001 and thus were included here.
The 124 radiologists interpreted mammograms at 81 facilities in the three registries. A total of 308 634 women obtained 557 143 screening mammograms during the study period at these registries. However, some mammograms did not have breast density reported on the four-category scale and were eliminated (n ϭ 87 631 or 15.7%) leaving 469 512 screening mammograms. Breast cancer was diagnosed within 1 year in 2402 women, a rate of 5.12 per 1000 screening mammograms (95% CI 4.92 to 5.32).
The distribution of patient characteristics and BI-RADS assessment for screening mammograms by a subsequent diagnosis of breast cancer in the follow-up period is shown in Table 1 . Recall rates generally increased with breast density and decreased with age and previous mammography. The probability of cancer increased monotonically with the ordered BI-RADS assessments, demonstrating that the radiologists use the BI-RADS scale appropriately. Using the distribution of BI-RADS assessments, sensitivity and specificity can be computed at any choice of cutpoint. For example, the definition used in this article yielded an overall specificity of 90.1% and sensitivity of 81.6%. However, increasing the threshold for calling the mammogram positive yielded lower sensitivity and greater specificity by definition.
Characteristics of Radiologists and Their Associated Recall Rate
Radiologist demographic and clinical practice characteristics are shown in Table 2 . The ages of radiologists ranged from 35 to 79 years. Most were male (77.4 %), worked full-time (74.0 %), were not affiliated with an academic medical center (83.9 %), had more than 10 years of experience interpreting mammograms (77.2 %), and spent less than 40% of their time working in breast imaging (87.7 %). The reported number of mammograms interpreted in the year before the survey ranged from 500 to more than 5000.
The recall rates for the radiologists are shown in Table 2 by response to the survey items. Each screening mammogram had equal weight in the analysis, so a radiologist who had interpreted more screening examinations would have a higher weight. The crude recall rates were statistically significantly higher among radiologists who were younger, had fewer years of experience interpreting mammograms, and had higher annual volumes of screening mammograms. For example, there was a statistically significant difference (P ϭ .002) comparing recall rate over the different levels of volume. The odds ratios indicated that radiologists who read 1001-2000 mammograms in the past year had a higher recall rate compared with those who read 1000 or fewer (referent) (OR ϭ 1.51, CI ϭ 1.12 to 1.82), than radiologists with volumes of 2001 or more (OR ϭ 1.29, CI ϭ 0.97 to 1.35). In subsequent analyses, we adjusted for patient characteristics to determine if these apparent differences were maintained.
Radiologist Performance
Individual recall rates for the 124 radiologists varied considerably, ranging from 1.8% to 26.2% (data not shown). Higher sensitivity was often associated with a higher false-positive rate for the 124 radiologists (Fig. 1) . The estimate of sensitivity was based on small numbers of cancers per radiologist, so it was highly variable. Specificity varied from 74% to 98%.
For modeling sensitivity, specificity, and recall rate, we adjusted for the patient's age, breast density, previous mammography experience, and mammography registry as fixed effects before assessing variability of the radiologist. Analysis (data not shown) showed statistically significant variability among radiologists for sensitivity (P ϭ .002), specificity (PϽ.001), and recall rate (PϽ.001) after adjusting for patient covariates.
To explain the statistically significant radiologist variability, we modeled the additional impact of each of the radiologist variables separately. The odds ratios, 95% confidence intervals (CI), and overall P values for analyses of sensitivity and specificity after adding each radiologist characteristic individually are shown in Table 3 . Increasing age of the radiologist was associated with decreased sensitivity (P ϭ .001) and increased specificity (P ϭ .005). Radiologists who worked full-time had higher sensitivity (P ϭ .002) than those who worked part-time but the same specificity. Increasing number of years interpreting mammograms was associated with decreased sensitivity (P ϭ .003) and increased specificity (P ϭ .007). There was a statistically significant (P ϭ .018) but inconsistent, nonlinear relationship of percentage of time spent working in breast imaging with specificity. Statistically significant associations of both sensitivity and specificity with mammographic volume (number of mammograms interpreted within the past year) were also found. Sensitivity increased with volume (P ϭ .004) and specificity decreased with volume (P ϭ .002). Sex, academic affiliation of the radiologist, and percentage of examinations interpreted by each radiologist that were screening mammograms ‫ء‬Frequencies may not add up to 124 due to missing responses. CI ϭ confidence interval. OR ϭ odds ratio. Recall rate is the rate of calling a mammogram positive. Odds ratios, confidence intervals, and omnibus P values (two-sided) were calculated using logistic regression adjusting for patient age, breast density, and prior mammography.
were not associated with either outcome. The radiologist variables were not adjusted for each other, only for patient variation. Simultaneous consideration of radiologist factors is considered below.
We also considered the effects of malpractice history, insurance, concern about malpractice, and attitudes toward mammography (Table 4) . Only concern about malpractice was statistically significantly associated with sensitivity (P ϭ .03), but there was no ordinal relationship between level of concern and sensitivity. There were no other associations with sensitivity and no malpractice variable was related to specificity. Statistically significant radiologist factors were then tested together using mixed-effects models. Age of radiologist, percentage of time spent working in breast imaging, and concern about malpractice were no longer statistically significant after adjustment for other radiologist variables. The final model thus included the two radiologist factors of experience-i.e., number of years in mammography practice and number of mammograms interpreted per year (Table 5 ). Sensitivity decreased with number of years interpreting mammograms and increased with number of mammograms interpreted per year (P ϭ .001 for both). Conversely, specificity increased with number of years interpreting mammograms and decreased with number of mammograms interpreted per year (P ϭ .003 and .002, respectively). Residual radiologist variability was no longer statistically significant for sensitivity (P ϭ .34) but remained highly statistically significant for specificity (PϽ.001). Figures 2 and 3 show the empirical ROC curves for the number of mammograms interpreted annually and the number of years of experience. Although there appears to be a difference in accuracy by number of mammograms interpreted, the comparison may be confounded by patient variation. Radiologists with lower volumes interpreted mammograms from women that were younger and were more likely to be having their first mammogram. Consequently, it was necessary to statistically adjust for confounders before assessing the effect of radiologist level covariates. The model for the ROC analysis included the statistically significant variables in the analyses of sensitivity and specificity. Table 6 shows the statistical significance of the covariate effects on estimation of threshold for calling the mammogram positive (P threshold ) and the estimated difference in ROC curves (P accuracy ). After adjustment for mammography registry, statistically significant effects on the threshold included the patient's age (PϽ.001), breast density (PϽ.001), previous mammography history (PϽ.001), and the radiologist's number of years of experience (P ϭ .012). Radiologist volume had no effect (P ϭ .088) on threshold. Statistically significant factors for accuracy included breast density (PϽ.001) and previous mammography history (P ϭ .012) but not age (P ϭ .59). Neither mammographic volume (P ϭ .94) nor years of experience in mammography (P ϭ .34) showed statistically significant associations with accuracy.
Results From the ROC Models
Modeled areas under the ROC curve (AUC) that measure overall accuracy are also shown in Table 6 . (Adjusted AUC values were obtained by weighing the distribution of all other covariate combinations in the model except for the one of interest; this approach internally standardizes the AUC.) The modeled ROC curves for breast density adjusted for age, prior mammography, and mammography registry are shown in Fig. 4 . Accuracy was greatest for women with the least dense breasts, and it decreased as breast density increased.
We also performed a GEE analysis of the BI-RADS scores using an ordered probit model (data not shown). This analysis also showed no statistically significant effect of number of mammograms interpreted (P ϭ 1.00) or years of experience (P ϭ .12) when using this method for analysis of ROC data. A simpler method is to dichotomize the BI-RADS scale into a positive or negative screening examination and to perform a logistic regression analysis on the screening result using disease status, covariates, and the interaction of each covariate with disease status. This simpler GEE model (adjusted for clustering of mammograms within radiologist) showed no effect of mammography volume (P ϭ .057) but a statistically significant effect of years of experience (P ϭ .021) on the joint model of sensitivity and specificity.
DISCUSSION
We investigated how a radiologist's self-reported clinical experience was associated with actual mammography performance. Radiologist's age, gender, malpractice experience, and malpractice concerns did not seem to be associated with performance. Radiologist's years of experience had the strongest association with performance, such that radiologists with fewer years in practice had higher sensitivity but lower specificity. It is reasonable to hypothesize that those with fewer years in practice are most recently trained; they missed fewer cancers than did radiologists who were in practice longer. However, it appeared that the effect of experience was on the threshold for calling the mammogram positive, rather than in a true difference in ability to detect cancers. For radiologists reporting fewer than 5 years of experience, we inspected how their recall rates changed over calendar time and observed little variation (data not shown), suggesting that early experience is not impacting subsequent decision making. We hypothesize that training prior to starting practice is the most important component of accuracy, but this hypothesis requires further examination of the individual radiologist's performance over time.
The U.S. Mammography Quality Standards Act requires an average of 480 mammogram interpretations per year, which may suggest that higher interpretive volumes will translate into greater experience and hopefully better accuracy. The literature has been mixed on this point, with one study showing improved performance with higher volumes (9) and another not supporting a role of volume on performance (10). In our study, radiologists with higher volumes did show higher recall rates and higher sensitivity but lower specificity. However, unless there is adequate feedback regarding cancer outcomes and discriminative skills, the effect of volume may be to simply encourage more positive calls. In general, a radiologist will see only 5.12 cancers per 1000 screening mammograms. With a sensitivity of 81.6%, the radiologist will have a false negative rate of 0.92 per 1000 mammograms. If the radiologist reads 500 screening mammograms each year, one cancer would be missed every 2 years. It is also possible that the radiologist would not receive any information about that missed cancer unless a malpractice claim was filed. Therefore, in the absence of feedback about performance it may be unlikely that a radiologist would change his or her threshold over time.
ROC analysis separates factors that affect threshold on the same ROC curve from factors that generate different curves. For example, the parameter estimates for number of years in practice indicates that the threshold used by radiologists with more years of experience is higher than that used by those with fewer years of experience. However, there was no statistically significant effect on accuracy after adjustment for the difference in threshold. These results imply that the same ROC curve applies to radiologists with different levels of years of experience, but because the thresholds are different, sensitivity and specificity will be affected. Similarly, mammographic volume in the past year appears to influence threshold but not overall accuracy. Therefore, for a fixed level of specificity, there is no evidence that greater volume will improve mammography performance.
We primarily used one statistical approach, a random effects model for the analysis of ROC curves though there are many other approaches. Both the random effects and GEE models showed no statistically significant effects of mammography volume on accuracy when the entire BI-RADS scale was used in the analysis. However, when the model was simplified to a dichotomous outcome, marginally statistically significant effects of these variables were observed. However, this simpler model assumes, incorrectly, that all positive mammograms have a common work-up evaluation and an equal likelihood of being ‫ء‬Odds ratio (OR), 95% confidence intervals (CI), and omnibus Wald test P values (two-sided) were calculated by using logistic regression, adjusting for patient age, breast density, and prior mammography. Additionally, random effects for radiologists were estimated and tested with a likelihood ratio test.
confirmed as cancer. The data in Table 1 show that radiologists accurately use the ordinal BI-RADS scale so that using the full range of values will be more efficient than dichotomizing BI-RADS scores as positive or negative.
A potential weakness of this study is that the surveyed radiologists were not a random sample of all radiologists in the United States but only a sample participating in the national Breast Cancer Surveillance Consortium in three distinct locations. It is therefore possible that these radiologists may not be completely representative of all United States radiologists. However, the demographic characteristics of the radiologists in our study are similar to those of a randomly chosen national sample of radiologists (10) . Thus, we believe that the radiologists surveyed represent a broad and reason- ‫ء‬Odds ratio (OR), 95% confidence intervals (CI), and omnibus Wald test P values (two-sided) were calculated using logistic regression, adjusting for patient age, breast density, and prior mammography. Additionally, random effects for radiologist were estimated with a likelihood ratio test. ‫ء‬Odds ratio (OR), 95% confidence intervals (CI), and omnibus Wald test P values (two-sided) were calculated by using logistic regression, adjusting for all variables in the joint model including a random effect for radiologist.
able cross-section of radiologists interpreting screening mammograms in the United States.
Another potential limitation of the study is that reported mammographic volume may have been estimated inaccurately by the radiologists when they responded to the survey. We cannot directly compare reported volume to observed volume, for several reasons. First, a radiologist may practice at several facilities, some of which may not be included in the BCSC database. Second, the radiologist is reporting all mammograms in the survey, not just screening mammograms. Finally, the volume is reported in discrete categories used in the survey, rather than the actual numbers. However, we did assess actual screening volume per month from BCSC data and classified the radiologists into three groups: low, medium, or high volume. 4 . Modeled receiver operating characteristic curves by breast density adjusted for age, prior mammography, and mammography registry. Category 1 ϭ almost entirely fatty, category 2 ϭ scattered fibroglandular densities, category 3 ϭ heterogeneously dense, and category 4 ϭ extremely dense. ‫ء‬Threshold is movement along a single ROC curve, and accuracy is the difference among ROC curves. AUC ϭ area under the curve. Two-sided P values were computed from the ROC analysis using likelihood ratio tests on the covariate main effects (P threshold ) or interactions with disease status (P accuracy ). All variables were included in the joint model, including radiologist random effects for both threshold and accuracy.
The same pattern of results was obtained in the ROC analysis when we used actual screening volume in place of reported total mammographic volume (data not shown). Thus, no difference in accuracy after comparing radiologists by actual screening mammography volume after adjustment for patient variables was observed. So, although the survey responses may not always be accurate, there is no evidence that the findings are misleading or that the results would be different using actual volume. Because all other radiologist variables were based on self-reported data we opted to be consistent.
This study was intended primarily to identify characteristics of radiologists that could affect performance. We found few measurable characteristics that had a statistically significantly association with performance, apart from those already identified in the literature. Another study using these data found that radiologists' degree of comfort with uncertainty also was not associated with performance (21) . A second study (34) also reported no statistically significant association of malpractice fears or claims with recall rate. Thus, it may be important to look for other sources of radiologist variability than those included in this survey.
The study survey allowed us to gather data from the radiologist population pertinent to our hypothesis. The response rate of 77% is higher than that in many physician surveys, and no difference was noted between responders versus non-responders in patient outcomes. Furthermore, these radiologists are community-based and therefore are more representative of current practice than academically based radiologists, who are more involved in training and research.
The study design had several strengths. The study took advantage of a large population of women who underwent screening mammography at regular intervals and whose data was collected in a standardized manner. The mammograms were linked to cancer outcomes so that the full performance of screening mammography could be evaluated. Data on individual patients will allow adjustment for patient variation that has not been addressed in other studies. For example, it may be that radiologists with high volumes are associated with large urban screening programs and therefore their performance measures may differ due to factors other than volume.
How can radiologist performance be improved? It should be noted that mammography performance as measured by AUC is already high and therefore difficult to improve dramatically. Although radiologists differ in performance, accuracy does not appear to be simply attributable to years of experience or number of mammograms interpreted. Direct feedback of performance characteristics coupled with training (35-37) may be more helpful than experience without feedback. The most instructive exercise may be to have an open discussion of misjudged mammograms, but concern about malpractice claims may prevent this opportunity from occurring. Peer review of missed cancers is more commonly practiced in other countries, where legal action may be less likely than in the United States. Nonetheless, slight improvements in interpreting screening mammograms may have large consequences when weighted by the enormous number of screening mammograms performed annually.
Although Esserman et al. (9) argued that volume increases performance, we found no evidence in this data set that performance would be improved by increasing the required number of mammograms to be interpreted by each radiologist. Such an increase may even be counterproductive because it may decrease the number of radiologists available to interpret mammograms. In particular, raising the volume requirement could have a negative impact in sparsely populated rural areas where an individual radiologist may already have difficulty meeting the current requirement in the Mammography Quality Standards Act. A Government Accounting Office report suggests there is currently enough mammography capacity to meet demand in most areas but that delays in obtaining screening mammograms are already occurring in some urban areas (38) . A recent analysis suggests that setting a marginally higher criterion for performance could eliminate 50% of the radiologists currently practicing mammography (39) . Given the substantial burden on mammographers already, increasing volume requirements, without evidence of efficacy, would seem unwise.
